There are a number of diseases in which normally soluble proteins associate into regular, insoluble amyloid fibrils. The development of in vitro model systems in which detailed structural, kinetic, and thermodynamic characterization are feasible is of critical importance to our understanding of the amyloid fibril phenomenon. The formation of amyloid fibrils by proteins that are not associated with disease has been recently described, suggesting that this may be a common property of many proteins and not only of the few proteins associated with amyloidoses. The B1 Ig-binding domain of protein G (␤1) is an extremely well-characterized model system. We have found that under certain experimental conditions, some variants of ␤1 form fibrils with high reproducibility. By controlling the stability of the protein-either by mutations or by changing experimental conditions-we are able to modulate the ability of the protein to form fibrils. For all of the variants, we find that the key requirement for fibril formation is to choose conditions in which the population of intermediate conformations present during the unfolding transition is maximized.
T he amyloidoses are a group of protein misfolding diseases characterized by the accumulation in extracellular spaces of insoluble fibrillar protein (1) (2) (3) . The deposition of normally soluble proteins in this insoluble form is believed to lead to cell death and tissue degeneration. To date, 18 different proteins and polypeptides have been identified in disease-associated amyloid deposits. These proteins include the A␤ peptide in Alzheimer's disease, the prion protein (PrP) in the transmissible spongiform encephalopathies, the islet-associated polypeptide in type II diabetes, transthyretin and lysozyme in familial amyloidoses, and other variants of truncated or misprocessed proteins in systemic amyloidoses (4) . No sequence or structural similarities are apparent between any of the proteins that display the ability to form amyloids. Despite the dissimilarity of the soluble proteins, the fibrils that they form share a number of common features. The amyloid fibrils are long, straight, unbranched filaments 40 -120 Å in diameter, which bind to physiological dyes such as Congo red and thiof lavine T and are resistant to protease digestion. X-ray fiber diffraction studies of three transthyretin mutants, apolipoprotein A-I, monoclonal Ig light chain, islet-associated polypeptide, amyloid A protein, and a lysozyme mutant show similar x-ray fiber diffraction patterns, indicative of a cross ␤-structure, with a helical array of ␤-sheets in which the long axis of the fibril is parallel to the long axis of the helix and perpendicular to the ␤-strands (5, 6) . The ␤-sheets cannot be distinguished between parallel and antiparallel ␤-strands (7). The first electron microscopy reconstruction of mutant transthyretin fibrils gave a detailed view of the fibril substructures (8) . More recently, image reconstruction cryo-electron microscopy of a Src homology 3 domain fibril provided a detailed model (25-Å resolution) of this structure to be proposed (9) . Higher levels of organization have been characterized by atomic force microscopy in which average widths for filaments, protofibrils, and fibrils of Ig light chain and A␤ peptide were determined (10, 11) .
The development of in vitro model systems is of critical importance to our understanding of the physicochemical basis of amyloid fibril phenomenon. There has been great progress in our understanding of amyloid phenomenon (1, (12) (13) (14) ; however, the experimental limitations shown by some of the amyloid proteins, for example low solubility and lack of a high-resolution threedimensional structure, have precluded comprehensive structural and thermodynamic characterization of both their soluble and fibrillar states (15) . The formation of amyloid fibrils by a number of proteins unlinked to disease has been recently described (16) (17) (18) (19) (20) . In addition, the discovery of prion-like proteins in yeast and fungi (21, 22) suggests that the ability to form fibrils may be a common property of many, if not all, proteins under appropriate conditions.
There is increasing evidence that amyloid fibrils do not develop directly from the native conformation, but from precursors that appear to be only partly folded (16, (23) (24) (25) (26) .
Our goal is to systematically explore the structural and thermodynamic requirements for fibril formation and in particular to investigate the importance of the population of intermediate states Our model system is a collection of variants of the B1 domain of Streptococcal IgG-binding protein G (␤1), a 56-residue monomeric domain that is extremely well characterized structurally, thermodynamically, and kinetically (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Our variants are built around the central parallel ␤-strands of ␤1 (Fig.  1A) . These variants originally were designed for an experimental study of the energetics of aromatic-glycine residue interactions between ␤-strands (35), motivated by the results of statistical surveys of cross-strand pairing (37, 38) . A number of mutations were incorporated at positions 4, 8, 15 , and 44 (host site), and different residue combinations were introduced at positions 6 and 53 (guest site). The wild type (WT) protein and a protein with the WT residues in positions 6 and 53 (I6T53) also were studied. The serendipitous observation of fibril-like structures in one of the variants (G6Y53) led us to the investigation of amyloid formation presented here. The thermal denaturation curves were analyzed according to a two-state transition model. Linear extrapolation of the folded and unfolded baselines based on a minimum of 10 points was performed. The fraction folded (F F ) at each temperature was calculated by using the equation
where obs is the observed ellipticity at 217 nm, and F and U are ellipticities of the folded and unfolded states, respectively, derived from the extrapolated baselines. The fraction unfolded (F U ) is therefore given by
Chemical Denaturations. The ellipticity at 217 nm was monitored as a function of concentration of guanidinium hydrochloride , and G6Y53 (▫). The buffer used was 10 mM sodium acetate, 10 mM sodium borate, and 10 mM sodium citrate. MRE was used because the fraction folded was impossible to measure because of the lack of unfolded baselines in most of the variants. (E) Electron micrographs showing the fibrils formed during irreversible denaturation for all variants. (F) Thermal denaturation of variant F6G53 at pH 9.0 (•), pH 9.0 in the presence of 1 M Na2SO4 (᭛), refolding at pH 9.0 (OE), and pH 9.0 in the presence of 1 M Na 2SO4 (⅙). The buffer used was 10 mM sodium acetate, 10 mM sodium borate, and 10 mM sodium citrate.
(GuHCl) at 277 K. Stock solutions of 8 M GuHCl were purchased from Pierce. Sodium acetate was added as a salt to a final concentration of 50 mM and the pH was adjusted to pH 5.2. Denaturation curves were obtained by mixing two different protein stock solutions in the absence of denaturant (folded) and the second in the presence of the appropriate concentration of GuHCl (unfolded). Different volumes of the two stock solutions were mixed to change the denaturant concentration, while keeping the protein concentration constant. Initial and final concentrations of GuHCl were confirmed by refractometry by using the equation
where ⌬N ϭ difference in refractrometry between the sample and the buffer reference. Chemical denaturation curves were analyzed by using nonlinear least squares to fit the data directly to the following equation (40),
where obs is the observed ellipticity at 217 nm, m F and o F are the slope and the intercept of the folded baselines, respectively, m U and o U are the slope and the intercept of the unfolded baselines, respectively, [D] is the molarity of the denaturant, ⌬G H2O is the free energy of folding in the absence of denaturant, R is the universal gas constant 1.98 cal mol -1 ⅐K -1 , T is the temperature in kelvin, and m is a constant (41) .
The folded and unfolded baselines can be derived from Eq. 4.
where F and U are the ellipticities of the folded and unfolded states at a given denaturant concentration, respectively. In the transition region, the free energy of folding in the presence of GuHCl is linearly proportional to the concentration of denaturant:
where ⌬G unf is the free energy of unfolding at a particular denaturant concentration, and ⌬G H2O , m, and [D] are as described above. The fraction of folded protein present at any concentration of denaturant is given by
where obs is the observed ellipticity at 217 nm, and F and U are ellipticities of the folded and unfolded states, respectively. Electron Microscopy. Electron microscopy was performed by using a Zeiss JEM-A transmission electron microscope at 80-kV excitation voltage. Six microliters of fibril solution was air-dried for 5 min on a Formvar-coated copper grid. The sample was then negatively stained with 6 l of 1% phosphotungstic acid solution, pH 7.0.
Congo Red and Thioflavine T Staining. Aliquots of proteins were air-dried onto glass slides, stained with a saturated solution of Congo red, and examined for birefringence with and optical microscope between cross-polarizers (42) . The thioflavine T fluorescence analysis was performed as described in ref. 43 . Aliquots (1 or 5 l) of soluble protein or fibril suspension were added to 3 M thioflavine T in 50 mM sodium acetate (pH 5.2) to a final volume of 1 ml. Excitation spectra were recorded on a Hitachi F-4500 spectrometer with an excitation wavelength maximum of 450 nm and emission maximum wavelength of 484 nm.
Results
Thermodynamic Properties of the Soluble Form of the Proteins. The thermodynamic stabilities of the soluble monomeric form of these variants were determined by thermal and chemical denaturation methods. At the pH of maximum stability (5.2), ␤1 undergoes a two-state, cooperative, reversible denaturation transition both thermally and chemically. The monomeric nature of the variants under these conditions was previously confirmed (35) . Thermodynamic parameters for all variants, derived from both chemical and thermal denaturation studies, are shown in Table 1 . There was no evidence by electron microscopy of fibril or formation in any of the samples that were denatured either thermally or chemically at pH 5.2. 
is irreversible, it suggests that the protein is trapped in a different low energy conformation and is unable to return to the native state. Irreversible refolding can be caused by precipitation or aggregation including fibril formation. All variants are partially or fully folded in a pH range from 2.0 to 11.0. We performed thermal denaturations on all of the variants at different pHs to determine the effect of pH on the reversibility of folding and its possible correlation with fibril formation. Fig. 1B shows the refolding curves at increasing pH for variant A6A53 and I6T53. For both variants, increasing the pH above the optimum of pH 5.2 lowers the T m . I6T53 retains its ability to refold reversibly until pH 11.0, at which point, the reversibility is lost. By contrast, A6A53, which is among the least stable variants, loses all reversibility by pH 6.9. Fig. 1C shows thermal renaturations at pH 5.2, and Fig. 1D shows the thermal renaturations at pH 9.0. In all of the variants, there is a loss of reversibility of folding with increasing pH, but the effect is more dramatic with the less stable variants. There was no visible precipitate evident in any of the samples that display irreversible denaturation. When analyzed by electron microscopy, however, fibril formation and amorphous aggregation was clearly visible (Fig. 1E) .
Sodium sulfate has been demonstrated to increase slightly the stability of native ␤1, but to increase quite significantly the stability of a folding intermediate (33) . The presence of 1 M Na 2 SO 4 (herein when we refer to Na 2 SO 4 we mean 1 M Na 2 SO 4 ) during the thermal denaturation experiments increased the thermal stability of all of the variants both at pH 5.2 and pH 9.0. Fig. 1F shows the refolding of variant F6G53 in the presence and absence of Na 2 SO 4 at pH 9.0. In the presence of Na 2 SO 4 , folding reversibility is partly recovered. The change in stability that sodium sulfate induces offers a wider variety of experimental conditions for the formation of amyloid fibrils. We found from our thermal denaturation experiments at increasing pHs that folding reversibility was related to fibril formation, and we explored to what extent fibril formation could be further modulated by using Na 2 SO 4 .
Although irreversible thermal denaturation produces fibrils, we also explored conditions under which cleaner preparations of fibrils could be formed in a higher yield.
Methods for Amyloid Fibril Formation.
A unifying feature of the experimental conditions chosen for ␤1 fibril formation is that the soluble form of the protein is destabilized. Destabilizing conditions could increase the probability of sampling any misfolded states that will drive amyloid fibril formation. We accomplished this by agitating samples at a temperature in the middle of the unfolding transition, and by addition of fibril seeds, conditions that differ completely from the conditions in which the monomeric variants have been characterized. We studied the formation of fibrils as a function of temperature, pH, and ionic strength.
Agitation. Agitation of soluble protein has been demonstrated to be a successful method for forming amyloid fibrils in vitro. It is not well understood why this method induces the formation of amyloid fibrils although it has been suggested that agitation may cause shearing of the first-formed fibrils, thereby increasing the number of nucleation particles (seeds) and accelerating fibril formation, or that agitation may increase the apparent concentration of protein by removing the amount of protein that sticks to the walls of the tubes. Agitation appears to accelerate fibril formation by these effects, rather than by causing obligatory protein denaturation because fibrils do form in the absence of agitation, only more slowly.
Agitation at pH 5.2 and 338 K results in the formation of precipitate for most variants. Electron micrographs clearly showed that the presence of precipitate was caused by the formation of fibrils (Fig. 2) . The most stable proteins (I6T53 and WT) did not form fibrils under these conditions. We performed agitation experiments under different experimental conditions. With the hypothesis that the variants would form fibrils when the agitation experiments are performed under destabilizing conditions a temperature within the unfolding transition range (Table  1; see Table 2 , which is published as supplemental material on the PNAS web site, www.pnas.org) was chosen. The F6G53 variant formed fibrils at pH 5.2 and 338 K, in agreement with our prediction that fibril formation conditions should be within the unfolding transition range (for F6G53 at pH 5.2, 298-343 K). Different experimental conditions confirmed our hypothesis ( Fig. 1F and Table 3 , which is published as supplemental material). We performed an experiment at pH 9.0 and 313 K, conditions in which we observed fibrils (transition range at pH 9.0 is 283 to 323 K). Increasing the temperature to 333 K (outside the unfolding transition range) showed no evidence of fibril formation, consistent with the hypothesis. Addition of Na 2 SO 4 at pH 9.0 moved the transition range to 303-330 K, and, as predicted, fibrils were formed at 313 K, which is within the shifted transition. There was no evidence of aggregation when the experiment was performed at 333 K, Na 2 SO 4 , and pH 9.0 because the protein is unfolded under these conditions. For every variant under conditions that map in the unfolding transition fibrils formation is induced by agitation. These results hold when the stability of the variants is modulated either by increasing the pH or by addition of Na 2 SO 4 ( Table 2) .
Nucleation-Dependent Amyloid Formation: Seeding. Fig. 3A shows an example of the kinetics of fibril formation followed by seeding for A6A53 variant. After 6 h, clusters of precipitate were visible. Two kinetic phases could be distinguished. The first phase (0-600 sec) corresponds to the heating of the sample from 277 K to 318 K. When the experiment started with a sample at 318 K, we observed that the first phase is reduced from 600 to 200 sec (data not shown). The second phase presents a decrease in the ␤-sheet content soluble signal (MRE value at 217 nm becomes more positive), because the formation of fibrils brings proteins out of solution, reducing the net amount of soluble ␤-sheet content. An electron micrograph of the precipitate is shown in Fig. 3B .
An Experiment That Is Relevant to the Concept of Scrapie Prion Infection and the ''Species Barrier'' for Prion Transmission Is Induction
of Fibril Formation by Cross-Seeding. This experiment tests the ability to form fibrils by using seeds from a variant that forms fibrils with I6T53 that does not form fibrils at pH 5.2 and 338 K. A6Y53 seeds were added and the formation of fibrils was followed by MRE at 217 nm. The MRE values followed the same behavior seen in the auto-seeding experiment (see Fig. 4A , which is published as supplemental material) and electron micrographs confirmed the presence of amyloid fibrils under conditions where these proteins do not spontaneously auto-seed (Fig. 4B ). This result suggests that even though I6T53 is unable to nucleate fibrils under these conditions, adding small amounts of A6Y53 seeds nucleates the process and I6T53 can elongate the fibrils. In addition, we performed a cross-seeding experiment between two proteins that are able to auto-seed. A6Y53-soluble protein was used with F6A53 seeds. The behavior was in agreement with the previous auto-and cross-seeding experiments (data not shown). In cross-seeding experiments in which A6A53-soluble protein was seeded with unrelated fibril seeds from human islet amyloid polypeptide, no evidence of aggregation was found.
These results demonstrate the ability of the variants in our system to cross-seed, suggesting that the seed conformation required for fibril formation is maintained among the environment of the host-guest variants. The situation is different when the seeding is performed with unrelated seeds, suggesting that unrelated fibrils populate different conformations of seeds, analogous to the species barrier in natural systems.
Characterization of Fibrils by Congo Red and Thioflavine T Binding.
The ability of amyloid fibrils to bind Congo red and thioflavine T dyes has been demonstrated (42, 43) . Addition of Congo red to samples with fibrils from all of the variants produced the characteristic green birefringence under cross-polarized light, whereas the soluble protein did not (data not shown).
Thioflavine T showed an intensity increase and a fluorescence shift around 430-450 nm in the presence of fibrils and a lower increase in the presence of fibril seeds. The soluble proteins do not bind to thioflavine T and do not show any fluorescence shift (data not shown).
Discussion
Our results suggest that the formation of amyloid fibrils in the ␤1 model system requires conditions that will populate the ensemble of conformations present during the thermal unfolding transition. We have found four independent means (which can be used in combination) by which to vary the stability of the protein and the population of intermediate states: mutagenesis, pH, temperature, and addition of Na 2 SO 4 . These results allowed us to construct a phase diagram and to delineate the circumstances that promote fibril formation.
It had been suggested that the species that initiate fibril formation may be folding intermediates, rather than either the native or unfolded protein for monomeric proteins (17, (23) (24) (25) as well as oligomeric proteins (26) . The following examples with monomeric proteins illustrate this idea. Booth and colleagues (23) characterized two amyloidogenic variants of lysozyme. The crystal structures of these variants show minimal differences relative to WT lysozyme, but the variants are less stable and their thermal unfolding is less cooperative, with conformations populated at the midpoint of the thermal unfolding that could be considered ''molten globule''-like. These mutations cause autosomal dominant heredity amyloidoses, by greatly increasing the propensity of the proteins to form fibrils (23) . Amyloid fibril formation was observed in a Src homology 3 domain under acidic conditions. NMR diffusion experiments show that this ''A state'' amyloidogenic precursor is more compact than the denatured protein, indicative that it is partially folded (17). Hurle and colleagues (25) have found amino acid replacement at specific positions in the variable region of the N-terminal domain of Ig light chain. These positions play a role in maintaining domain structure and stability. The ability of these proteins to aggregate is correlated with the decreased stability. They suggested that these variants decrease the energetic barrier to unfolding and this effect would be expected to increase in population of a non-native state required for amyloid formation. Wall and colleagues (24) described the correlation between thermodynamic stability and fibrillogenicity for human 6 light chain (V6) and suggested that the potential of a variants to form fibrils is correlated with its reduced thermodynamic stability, which results in an increased population of protein in a nonnative, amyloidogenic state.
Physiological ordered protein aggregation processes as diverse as viral coat assembly, microtubule formation, f lagellum formation, and sickle-cell fibril formation occur by nucleationdependent polymerization pathways. Nucleation-dependent aggregation shows characteristic features: (i) No aggregation occurs at protein concentrations below a critical concentration. (ii) There is a lag time before polymerization occurs. (iii) During the lag time, addition of a seed results in immediate aggregation. The presence of seeds will accelerate the formation of fibrils (15) .
The prion diseases have been characterized by species barriers that are present for certain directions of infectivity between animals. The concept of scrapie prion (PrP Sc ) providing a seed to assist the conversion of nascent cellular prion implies that some PrP Sc seeds should be more efficient at stabilizing the nascent PrP Sc than others in the initial phase of disease propagation (44) . The transmission of prions from one species to another generally is accompanied by a prolongation of the incubation time relative to transmissions where the host species is the same.
It has been found that there are three different distant clusters that map the variability of 23 mammalian PrP sequences (21, 45) , suggesting that prion sequences do not have a localized region that determines their specificity, but rather involve the overall conformation.
We have shown that our system is able to achieve both auto-seeding and cross-seeding of different ␤1 variants. The seeding experiments confirm that the ␤1 system follows the nucleation-propagation mechanism that has been previously proposed for amyloid formation (15) . The ␤1 system also shows specificity in propagation, because a ␤1 variant is unable to propagate islet amyloid polypeptide seeds.
In conclusion, our results indicate that by changing the stability of the soluble form of ␤1-either by mutations or by modifying experimental conditions-we are able to modulate the ability of the protein to form fibrils. For all of the variants, we find that the key requirement for fibril formation is to choose conditions in which the population of intermediate conformations present during the unfolding transition is maximized.
Note. After this manuscript was submitted, an interesting mutational analysis of propensity for amyloid formation by acylphosphatase modulated by trifluoroethanol was published (46) .
